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1. INTRODUCTION {#cas13622-sec-0001}
===============

Colon cancers with different primary tumor locations are clinically and molecularly distinct.[1](#cas13622-bib-0001){ref-type="ref"} Cancers originating from proximal or distal to the splenic flexure were classified as right‐sided colon cancer (RCC) or left‐sided colon cancer (LCC), respectively.[2](#cas13622-bib-0002){ref-type="ref"} Consistent with these differences in anatomy location, LCC and RCC possess distinguishable genomic patterns. It has been found that patients with RCC were more commonly characterized by hypermethylation, microsatellite instability, and hypermutation.[3](#cas13622-bib-0003){ref-type="ref"} In contrast, patients with LCC were more frequently characterized by chromosomal instability.[4](#cas13622-bib-0004){ref-type="ref"} These molecular differences manifest as differential clinical behavior, with patients with RCC typically displaying worse prognosis.[5](#cas13622-bib-0005){ref-type="ref"}

5‐Fluorouracil (5‐FU) is an antimetabolite drug that is widely used for the treatment of cancer through inhibition of thymidylate synthase and incorporation of its metabolites into RNA and DNA.[6](#cas13622-bib-0006){ref-type="ref"} Currently, 5‐FU‐based adjuvant chemotherapy (ACT) is widely used as first‐line systemic treatment for patients with high‐risk stage II and stage III colon cancer.[7](#cas13622-bib-0007){ref-type="ref"} Previous studies have revealed that only a certain group of patients respond to initial chemotherapy treatment[8](#cas13622-bib-0008){ref-type="ref"} and the therapy response is influenced by the anatomic locations (left and right) of the primary tumors.[9](#cas13622-bib-0009){ref-type="ref"} For conventional 5‐FU‐based ACT, when compared with patients treated with curative surgery only, a significant survival benefit was seen for patients with RCC who were treated with the therapy, but patients with LCC did not share the results,[9](#cas13622-bib-0009){ref-type="ref"} which showed the difference in response to 5‐FU‐based ACT for RCC and LCC. Current signatures[10](#cas13622-bib-0010){ref-type="ref"}, [11](#cas13622-bib-0011){ref-type="ref"} for predicting response to 5‐FU‐based ACT for stage II‐III colon cancer patients did not take into account the anatomic locations of the primary tumors. Therefore, it would be promising to develop a new location‐specific predictive signature to select patients most likely to benefit from the 5‐FU‐based ACT after surgery.

Another limitation of current transcriptional signatures is that they are based on the risk scores summarized from the gene expression levels of signature genes.[10](#cas13622-bib-0010){ref-type="ref"}, [11](#cas13622-bib-0011){ref-type="ref"} These risk‐score based signatures are often unfit for clinical applications due to the requirement of data normalization to remove the measurement batch effects, which needs a precollection of samples, whereas the risk score for a sample is influenced by the risk composition of the other samples.[12](#cas13622-bib-0012){ref-type="ref"} In addition, the gene expression measurement values would also be greatly affected by sampling locations in tumor tissue[13](#cas13622-bib-0013){ref-type="ref"} and partial RNA degradation during sample preparation,[14](#cas13622-bib-0014){ref-type="ref"} introducing further uncertainty for the risk score and risk classification of a patient. In contrast, the relative expression orderings (REOs) of gene pairs within a sample have been found to be robust against experimental batch effects,[12](#cas13622-bib-0012){ref-type="ref"} differences of measurement principles of different platforms,[15](#cas13622-bib-0015){ref-type="ref"} uncertainties of sampling locations in a tumor tissue,[13](#cas13622-bib-0013){ref-type="ref"} and partial RNA degradation,[16](#cas13622-bib-0016){ref-type="ref"} which make it a promising approach for developing robust gene pair‐based signatures (GPS).[17](#cas13622-bib-0017){ref-type="ref"}

In this work, based on the difference in response to 5‐FU‐based ACT for patients with different primary tumor locations of colon cancer, we developed REO‐based signatures for predicting response to 5‐FU‐based ACT for stage II‐III patients with RCC or LCC, which was validated in independent datasets. Transcriptional and genomic characteristics were analyzed between predicted responders and non‐responders. Finally, we compared an established signature developed without considering the difference in anatomy location with the newly proposed signatures.

2. MATERIALS AND METHODS {#cas13622-sec-0002}
========================

2.1. Data and preprocessing {#cas13622-sec-0003}
---------------------------

The gene expression datasets used in this study were downloaded from the Gene Expression Omnibus (<http://www.ncbi.nlm.nih.gov/geo/>) and The Cancer Genome Atlas (<http://cancergenome.nih.gov/>)[3](#cas13622-bib-0003){ref-type="ref"} (Table [1](#cas13622-tbl-0001){ref-type="table-wrap"}). For samples documented in GSE39582, which were used as the discovery cohort to train REO‐based predictive signatures of 5‐FU‐based ACT, the agents used for patients were fluorouracil and folinic acid.[18](#cas13622-bib-0018){ref-type="ref"} For samples documented in GSE14333, the agents used for patients were either single agent 5‐FU/capecitabine or 5‐FU and oxaliplatin.[19](#cas13622-bib-0019){ref-type="ref"} For samples documented in GSE72970, the agents used for patients were 5‐FU, leucovorin, and oxaliplatin (FOLFOX).[20](#cas13622-bib-0020){ref-type="ref"} Considering the small sample size of RCC and LCC in GSE14333 and GSE72970, the two cohorts were combined as the validation cohort to test the predictive signatures. The raw data (.CEL files) from each dataset was processed using the Robust Multi‐array Average algorithm for background adjustment with quantile normalization. Probe identifiers (IDs) were mapped to gene IDs using the corresponding platform files. If multiple probe‐sets were mapped to the same gene, the expression value for the gene was summarized as the arithmetic mean of the values of multiple probe‐sets. Probe‐set IDs with no mapped Entrez gene ID or probe‐set IDs that mapped to more than one Entrez gene ID were deleted. For data archived in TCGA, primary tumors originating in the splenic flexure, descending colon, or sigmoid colon were classified as LCC, whereas primary tumors originating in the appendix, cecum, ascending colon, hepatic flexure, or transverse colon were classified as RCC. Patients treated with neoadjuvant chemotherapy were excluded. For transcriptional data derived from HTSeq sequencing platform (Illumina, San Diego, CA, USA), the raw count and FPKM values were extracted. For gene mutation data derived from the Illumina Genome Analyzer DNA Sequencing GAIIx platform, only the non‐synonymous mutations were included, and a discrete mutation profile including 15 922 genes was generated. Data of copy number aberrations (CNAs) were processed with the GISTIC algorithm.[21](#cas13622-bib-0021){ref-type="ref"}

###### 

Data used in this study of individualized predictive signatures for 5‐fluorouracil (5‐FU)‐based adjuvant chemotherapy (ACT) in colon cancer

  Data source                                       Data type          Platform                                Stage    RCC   LCC
  ------------------------------------------------- ------------------ --------------------------------------- -------- ----- -----
  GSE39582[a](#cas13622-note-0003){ref-type="fn"}   mRNA               Affymetrix U133 Plus 2.0                II‐III   69    133
  GSE14333[a](#cas13622-note-0003){ref-type="fn"}   mRNA               Affymetrix U133 Plus 2.0                II‐III   39    46
  GSE72970[a](#cas13622-note-0003){ref-type="fn"}   mRNA               Affymetrix U133 Plus 2.0                III      7     25
  GSE39582[b](#cas13622-note-0004){ref-type="fn"}   mRNA               Affymetrix U133 Plus 2.0                II‐III   118   140
  GSE14333[b](#cas13622-note-0004){ref-type="fn"}   mRNA               Affymetrix U133 Plus 2.0                II‐III   46    53
  TCGA                                              mRNA               Illumina HTSeq                          II‐III   119   114
  TCGA[c](#cas13622-note-0005){ref-type="fn"}       DNA copy number    Genome‐Wide Human SNP Array 6.0         II‐III   110   101
  TCGA[c](#cas13622-note-0005){ref-type="fn"}       Somatic mutation   Illumina Genome Analyzer DNA Sequence   II‐III   86    84

Patients treated with post‐surgery 5‐FU ACT.

Patients untreated with 5‐FU ACT.

Among the The Cancer Genome Atlas (TCGA) samples with RNASeq profiles, patients also had copy number and somatic mutation data. LCC, left‐sided colon cancer; RCC, right‐sided colon cancer.

John Wiley & Sons, Ltd

2.2. Survival analysis {#cas13622-sec-0004}
----------------------

Disease‐free survival (DFS) was defined as the time from surgery to recurrence or the final documented date (censored). Survival curves were estimated using the Kaplan‐Meier method and two survival curves were compared using the log‐rank test[22](#cas13622-bib-0022){ref-type="ref"} and 95% confidence intervals (CIs) were calculated using a univariate Cox proportional hazards model.[23](#cas13622-bib-0023){ref-type="ref"} The multivariate Cox proportional hazards regression model was used to evaluate the independent prognostic value of the signature after adjusting for clinical factors.

2.3. Developing the predictive signature for 5‐FU‐based ACT {#cas13622-sec-0005}
-----------------------------------------------------------

Using a univariate Cox proportional hazards model, genes whose expression levels were significantly correlated with the DFS of stage II‐III patients with RCC or LCC treated with post‐surgery 5‐FU‐based ACT were identified. From every two of the identified genes, *a* and *b*, with expression values of *G* ~*a*~ and *G* ~*b*~, we identified a set of gene pairs whose REOs were significantly associated with the DFS of patients mentioned above. Then a forward stepwise selection algorithm was used to search for an optimal subset of these gene pairs that resulted in the highest concordance index (C‐index).[23](#cas13622-bib-0023){ref-type="ref"} Starting with the gene pair with the largest C‐index as the seed signature, candidate gene pairs were added to the signature one at a time until the addition of one gene pair did not improve the predictive performance. The optimal subset of gene pairs was identified as the predictive signature for 5‐FU‐based therapeutic benefit. According to the REO pattern of gene pairs, a sample was determined to be high‐risk if at least one‐half of the REOs of the set of gene pairs within this sample voted for high‐risk; otherwise, this sample was classified into the low‐risk group. Patients predicted to be at high risk were thought to be unable to benefit from 5‐FU‐based ACT, that is, predicted non‐responders (termed non‐responders for simplicity). Patients predicted to be at low risk were thought to benefit from 5‐FU‐based ACT, that is, predicted responders (termed responders for simplicity).

2.4. Differential expression analysis and consistency evaluation {#cas13622-sec-0006}
----------------------------------------------------------------

To estimate the significance of differences in gene expression among sample subgroups, different algorithms were used for microarray and RNA sequencing (RNASeq) data. For microarray data, Student\'s *t*‐test was used to identify differentially expressed (DE) genes between two subgroups. For RNASeq data archived in TCGA, an EdgeR package[24](#cas13622-bib-0024){ref-type="ref"} that uses a negative binomial model was used to detect DE genes from raw count data. The *P*‐values were adjusted using the Benjamini‐Hochberg procedure for multiple testing to control the false discovery rate (FDR).

If two lists of DE genes had *k* overlapped genes, among which *s* genes showed the same deregulation directions (up‐ or downregulation) in the two DE gene lists, then the concordance score was calculated as *s/k*. The probability of observing a concordance score of *s/k* by chance was evaluated by the cumulative binomial distribution model as follows:

$$P = 1 - \sum\limits_{i = 0}^{s - 1}\begin{pmatrix}
k \\
i \\
\end{pmatrix}{(P_{0})}^{i}{(1 - P_{0})}^{k - i}$$

Where *P* ~0~ is the probability of one gene having the concordant relationship between the two lists of genes by chance (here, *P* ~0~ = .5). The significance of a score indicated that DE genes extracted from an independent dataset were significantly consistent.

2.5. Functional enrichment analyses {#cas13622-sec-0007}
-----------------------------------

The functional categories for enrichment analysis were downloaded from the Kyoto Encyclopedia of Genes and Genomes (KEGG).[25](#cas13622-bib-0025){ref-type="ref"} The hypergeometric distribution model was used to test whether a set of genes observed in a functional term was significantly more than that expected by random chance.

2.6. Statistical analysis software {#cas13622-sec-0008}
----------------------------------

All statistical analyses were carried out using the R 3.1.3 software package (<http://www.r-project.org/>).

3. RESULTS {#cas13622-sec-0009}
==========

3.1. Survival analyses {#cas13622-sec-0010}
----------------------

Figure [1](#cas13622-fig-0001){ref-type="fig"} describes the flowchart of this study. As documented in Colorectal Cancer Statistics 2017, patients with RCC have a worse prognosis than patients with LCC,[5](#cas13622-bib-0005){ref-type="ref"} in spite of the insignificant difference in the data analyzed in this study (hazard ratio \[HR\] = 1.139; 95% CI, 0.739‐1.754; log‐rank test, *P* = .554; Figure [S1](#cas13622-sup-0001){ref-type="supplementary-material"}A). However, using 287 samples of stage II‐III patients treated with post‐surgery 5‐FU‐based ACT archived in GSE39582 and GSE14333, we found that the DFS of RCC was significantly longer than that of LCC (HR = 0.649; 95% CI, 0.425‐0.993; log‐rank test, *P* = .04; Figure [S1](#cas13622-sup-0001){ref-type="supplementary-material"}B). Multivariate Cox analyses showed that the difference was still marginally significant after adjusting for stage, age, and gender (HR = 0.653; 95% CI, 0.41‐0.97; *P* = .037; Figure [S1](#cas13622-sup-0001){ref-type="supplementary-material"}C). These results suggested that patients with RCC could derive more benefit from 5‐FU‐based ACT than patients with LCC. Thus, combined with the fact that RCC and LCC arises from different regions of the colon with different genomic characteristics,[2](#cas13622-bib-0002){ref-type="ref"} it is a promising approach to establish distinct predictive signatures to identify patients with RCC and LCC suitable for 5‐FU‐based ACT.

![Flowchart of this study, as exemplified by the development and analysis of a prognostic signature for patients with right‐sided colon cancer (RCC). 3‐GPS, gene pair signature; 5‐FU, 5‐fluorouracil; ACT, adjuvant chemotherapy; C‐index, concordance index; CNV, copy number variation; DE, differentially expressed; DFS, disease‐free survival; TCGA, The Cancer Genome Atlas](CAS-109-1939-g001){#cas13622-fig-0001}

3.2. Predictive gene pair signatures for patients with RCC or LCC {#cas13622-sec-0011}
-----------------------------------------------------------------

Using 69 samples of stage II‐III patients with RCC treated with post‐surgery 5‐FU‐based ACT in GSE39582, we identified 641 genes whose expressions levels were significantly correlated with the DFS (univariate Cox regression model, *P \< *.01). Then, from all the gene pairs formed by these prognosis‐related genes, we further extracted 23 171 gene pairs whose specific REO patterns were significantly correlated with the DFS of patients (univariate Cox regression model, FDR \< 0.05). Furthermore, using a forward selection procedure, we extracted three gene pairs that achieved the highest C‐index according to the classification rule as follows: a sample was determined to be at high risk (non‐responder) if at least one‐half of the gene pairs' REOs within this sample voted for high‐risk; otherwise, the sample was considered as low‐risk (responder) (see Materials and Methods). Thus, the three gene pairs (*SEC23B*‐*TPRG1L*,*EFCAB11*‐*DPY19L1*, and *BCL2L12*‐*LINC00294*) consisting of six genes were selected as the predictive signature for predicting 5‐FU‐based therapeutic benefit for patients with RCC, denoted as 3‐GPS. Using the same process, a predictive signature consisting of five gene pairs (*NDRG3*‐*KLK6*,*ARHGAP44*‐*MAGEA6*,*C2CD4A*‐*DNMBP*,*SPINK1*‐*FXYD3*, and *PRR15L*‐*ZNF706*) for patients with LCC was developed, denoted as 5‐GPS.

Using 3‐GPS, 42 patients with RCC in the discovery cohort were predicted to be responders and their 5‐year DFS rate was 85.6%, which was significantly higher than the corresponding rate (38.3%) for the other 27 patients with RCC predicted to be non‐responders (C‐index = 0.875; HR = 0.155; 95% CI, 0.060‐0.398; log‐rank, *P = *9.35E‐06) (Figure [2](#cas13622-fig-0002){ref-type="fig"}). Then, in the validation cohort containing 46 stage II‐III patients with RCC treated with post‐surgery 5‐FU‐based ACT, 33 patients were predicted to be responders and their 5‐year DFS rate was 77.5%, which was significantly higher than the corresponding rate (41.5%) for the other 13 patients predicted to be non‐responders (C‐index = 0.611; HR = 0.323; 95% CI, 0.112‐0.934; log‐rank, *P* = .028) (Figure [2](#cas13622-fig-0002){ref-type="fig"}C).

![Performance of gene pair signatures 3‐GPS and 5‐GPS in identifying high‐risk colon cancer patients. The Kaplan‐Meier curves of disease‐free survival (DFS) for the high‐ and low‐risk groups of patients with right‐sided colon cancer (RCC) and left‐sided colon cancer (LCC) predicted by 3‐GPS and 5‐GPS in the discovery cohort (A) and validation cohort (C). (B,D) Multivariate Cox analysis. (E‐L) Kaplan‐Meier curves of DFS for responders (R) and non‐responders (NR) in patients treated with non‐adjuvant chemotherapy (ACT). B1, batch1, GSE14333; B2, batch2, GSE72970; CI, confidence interval; dMMR,MMR‐deficient; F, female; HR, hazard ratio; M, male; MMR, mismatch repair; Mut, mutation; pMMR,MMR‐proficient](CAS-109-1939-g002){#cas13622-fig-0002}

Similarly, using 5‐GPS, 80 patients with LCC in the discovery cohort were predicted to be responders and their 5‐year DFS rate was 78.3%, which was significantly higher than the corresponding rate (34.8%) for the other 53 patients with LCC predicted to be non‐responders (C‐index = 0.701; HR = 0.207; 95% CI, 0.118‐0.366; log‐rank, *P* = 2.16E‐09) (Figure [2](#cas13622-fig-0002){ref-type="fig"}A). In the validation cohort containing 71 stage II‐III patients with LCC treated with post‐surgery 5‐FU‐based ACT, 25 patients were predicted to be responders and their 5‐year DFS rate was 74.8%, which was significantly higher than the corresponding rate (30.6%) for the other 46 patients predicted to be non‐responders (C‐index = 0.626; HR = 0.262; 95% CI, 0.109‐0.63; log‐rank, *P* = .001) (Figure [2](#cas13622-fig-0002){ref-type="fig"}C). Multivariate Cox analyses showed that both the 3‐GPS and 5‐GPS, in the discovery and validation cohorts, were independent predictive factors after adjusting for stage, age, gender, DNA mismatch repair (MMR) status, gene mutation, and batch (*TP53*,*BRAF*, and *KRAS*) (Figure [2](#cas13622-fig-0002){ref-type="fig"}B,D). The MMR status and gene mutation were applied to the discovery cohort only; batch for the validation cohort only.

Patients treated with chemotherapy harbor some adverse prognostic factors after surgery,[7](#cas13622-bib-0007){ref-type="ref"} and should have worse prognosis than those treated with curative surgery alone, if they had not been treated with chemotherapy after surgery. Based on this fact, we estimated the survival benefit from 5‐FU‐based ACT for the predicted groups. For samples documented in the discovery cohort of GSE39582, the DFS of predicted responders was not significantly different from that of patients treated with curative surgery alone, both for RCC and LCC (RCC, log‐rank *P* = .086; LCC, log‐rank *P* = .476) (Figure [2](#cas13622-fig-0002){ref-type="fig"}E,F). In contrast, the DFS of predicted non‐responders was significantly shorter than that of patients treated with curative surgery alone, both for RCC and LCC (RCC, log‐rank *P* = 2.08E‐04; LCC, log‐rank *P* = 5.73E‐14) (Figure [2](#cas13622-fig-0002){ref-type="fig"}I,J). Similar results were observed in the validation dataset (Figure [2](#cas13622-fig-0002){ref-type="fig"}G,H,K,L). Thus, we can conclude that the predicted responders obtained absolute survival benefit from ACT, whereas the predicted non‐responders had no significant survival benefit from ACT.

3.3. Transcriptional characteristics of prognostic groups {#cas13622-sec-0012}
---------------------------------------------------------

Considering the batch effect and sample size (GSE72970 with only seven RCC samples), only GSE39582 and GSE14333 were used to identify DE genes between the predicted non‐responders and responders. For patients with RCC, using Student\'s *t*‐test with 5% *P*‐value control, 1939 and 1401 DE genes were identified from GSE39582 and GSE14333, respectively. The two lists of DE genes had 355 overlaps, among which 99.15% showed the same dysregulation directions (up‐ or downregulation) (binomial test, *P *\< 1.11E‐16; Figure [3](#cas13622-fig-0003){ref-type="fig"}A). We defined these 352 reproducible DE genes as 5‐FU response‐related genes for RCC, which were significantly enriched in 32 KEGG pathways (FDR \< 10%, hypergeometric test; Figure 3B), 13 of which have been reported to be associated with the efficacy of 5‐FU.[26](#cas13622-bib-0026){ref-type="ref"}, [27](#cas13622-bib-0027){ref-type="ref"}, [28](#cas13622-bib-0028){ref-type="ref"}, [29](#cas13622-bib-0029){ref-type="ref"}, [30](#cas13622-bib-0030){ref-type="ref"}, [31](#cas13622-bib-0031){ref-type="ref"}, [32](#cas13622-bib-0032){ref-type="ref"}, [33](#cas13622-bib-0033){ref-type="ref"}, [34](#cas13622-bib-0034){ref-type="ref"} For example, pyruvate metabolism is associated with chemosensitivity to 5‐FU therapy.[33](#cas13622-bib-0033){ref-type="ref"} Similarly, 446 DE genes were identified as 5‐FU response‐related genes for LCC, which were significantly enriched in 28 KEGG pathways (FDR \< 10%, hypergeometric test; Figure [3](#cas13622-fig-0003){ref-type="fig"}C,D), nine of which have been reported to be associated with 5‐FU therapy.[35](#cas13622-bib-0035){ref-type="ref"}, [36](#cas13622-bib-0036){ref-type="ref"}, [37](#cas13622-bib-0037){ref-type="ref"}, [38](#cas13622-bib-0038){ref-type="ref"}, [39](#cas13622-bib-0039){ref-type="ref"}, [40](#cas13622-bib-0040){ref-type="ref"}, [41](#cas13622-bib-0041){ref-type="ref"}, [42](#cas13622-bib-0042){ref-type="ref"}, [43](#cas13622-bib-0043){ref-type="ref"} For example, activation of the Akt pathway in colorectal cancer could induce resistance to 5‐FU therapy.[36](#cas13622-bib-0036){ref-type="ref"}

![Transcriptional analysis of the prognostic groups for right‐sided colon cancer (RCC) and left‐sided colon cancer (LCC). (A,B) Differentially expressed genes were identified between non‐responders and responders for RCC and LCC. 5‐Fluorouracil (5‐FU) response‐related genes were defined as genes consistently dysregulated in the discovery cohort and validation cohort. The percentage in parenthesis shows the consistency score between the two lists of differentially expressed genes. (C,D) Kyoto Encyclopedia of Genes and Genomes pathways enriched with 5‐FU response‐related genes were identified. The pathways in bold are 5‐FU‐related pathways reported previously](CAS-109-1939-g003){#cas13622-fig-0003}

3.4. Genomic characteristics of prognostic groups {#cas13622-sec-0013}
-------------------------------------------------

As a result of the complex therapeutic regimen, the prognosis data documented in TCGA cannot reflect the survival benefit from 5‐FU‐based ACT, which is not able to directly validate the effectiveness of the predictive signature. Therefore, we validated the prognostic performance of 3‐GPS and 5‐GPS for RNASeq data archived in TCGA indirectly by studying the consistency of DE genes between the predicted two groups with the above identified 5‐FU response‐related genes. For the 119 samples of stage II‐III patients with RCC archived in TCGA, 43 and 76 samples were predicted to be non‐responders and responders by 3‐GPS. Using the EdgeR algorithm with 5% *P*‐value control, we identified 2774 DE genes between the two groups, among which 181 DE genes were overlapped with the 352 5‐FU response‐related genes for RCC, with the concordance score of 100% (binomial test, *P *\< 1.11E‐16). Similar results were seen for patients with LCC (Figure [S2](#cas13622-sup-0001){ref-type="supplementary-material"}).

Based on the reproducibility, we could further exploit the TCGA multi‐omics data to reveal the genomic landscapes of the predicted two groups. For the 119 stage II‐III patients with RCC, 110 and 86 samples had copy number alteration and somatic mutation, respectively. For 110 samples with CNA data, we found six genomic regions, containing two amplification regions and four deletion regions, with significantly different CNA frequencies between the 40 non‐responders and 70 responders (Fisher\'s exact test, *P* \< .05) (Figure [4](#cas13622-fig-0004){ref-type="fig"}A, Table [S1](#cas13622-sup-0002){ref-type="supplementary-material"}). Impressively, five chromosome regions (83.33%, one amplification and four deletions) had significantly higher CNA frequencies in the non‐response group compared with the response group. Many genes in these chromosome lesions, such as *ABCC10* (amp 6p21.1),[44](#cas13622-bib-0044){ref-type="ref"} *INSM1* (amp 20p11.23),[45](#cas13622-bib-0045){ref-type="ref"} and *MSH2* (del 2p21)[6](#cas13622-bib-0006){ref-type="ref"} are known to be related to 5‐FU resistance. For 86 samples with mutation data, we found 122 genes with significantly different mutation frequencies between the 30 non‐responders and 56 responders (Fisher\'s exact test, *P* \< .05) (Figure [4](#cas13622-fig-0004){ref-type="fig"}B, Table [S1](#cas13622-sup-0002){ref-type="supplementary-material"}). Impressively, 105 (86.07%) genes had significantly higher somatic mutation frequencies in the responders than in the non‐responders. Additionally, we found that the median of the mutation count per sample for the responders was 158, which was significantly more than the corresponding median count (105.5) for the non‐responders (Student\'s *t*‐test, *P* = .024). Many mutation genes are known to be related to 5‐FU resistance. For example, *PTEN*, mutated in 21.43% of the responders but none of the non‐responders, the mutation of which could influence regulation of the PI3K/Akt signaling pathway, is correlated with 5‐FU ACT sensitivity.[46](#cas13622-bib-0046){ref-type="ref"} For another example, *FBXW7*, mutated in 23.21% of the responders but only 3.3% of non‐responders, is associated with RORα phosphorylation and thus influences 5‐FU resistance.[47](#cas13622-bib-0047){ref-type="ref"}

![Genomic characteristics between responders and non‐responders to adjuvant chemotherapy for colon cancer, predicted by gene pair signatures (3‐GPS). Genomic lesions between the two groups with the most significant difference for right‐sided colon cancer (RCC) (Fisher\'s exact test, *P* \< .05) are displayed. (A,C) The difference in copy number variation (CNV) between the two groups for RCC (A) and left‐sided colon cancer (LCC) (C). (B,D) The difference in mutation frequency between two groups, RCC (B) and LCC (D). The frequencies of the two groups with lesions are shown at the left, and the detailed alternation of each lesion in each sample is shown at the right. The line chart represents the count of mutation genes in each sample](CAS-109-1939-g004){#cas13622-fig-0004}

As shown in Figure [4](#cas13622-fig-0004){ref-type="fig"}C,D and Table [S1](#cas13622-sup-0002){ref-type="supplementary-material"}, the genomic characteristics of patients with LCC were also explored. Two chromosome regions (amp 5q22.3 and 19p13.2) and 60 genes with significantly different CNA and mutation frequencies were identified (Fisher\'s exact test, *P* \< .05). MicroRNA‐23a and microRNA‐27a, located in 19p13.2, have been reported to influence 5‐FU treatment.[48](#cas13622-bib-0048){ref-type="ref"} Similarly, both of these chromosome regions had significantly higher CNA frequencies in the non‐responders compared with the responders, which did not overlap with those identified in the RCC. Additionally, 57 of the 60 genes had significantly higher somatic mutation frequencies in the responders than in the non‐responders. Taken together, these results clearly showed that the responders are characterized by several genomic lesions related to 5‐FU resistance.

3.5. Comparison of 5‐FU response mechanisms between RCC and LCC {#cas13622-sec-0014}
---------------------------------------------------------------

Transcriptional analysis showed that 5‐FU response‐related genes for RCC overlapped with 11 genes for LCC and the consistency score was 100%. The 11 genes were enriched in four KEGG pathways (ECM‐receptor interaction, phagosome, focal adhesion, and the PI3K‐Akt signaling pathway; FDR \< 10%, hypergeometric test), three of which were well‐known 5‐FU response‐related pathways.[36](#cas13622-bib-0036){ref-type="ref"}, [37](#cas13622-bib-0037){ref-type="ref"}, [38](#cas13622-bib-0038){ref-type="ref"} In addition, there were two genes (*CACNA1D* and *CNTN5*) hypermutated in responders compared to non‐responders both for patients with RCC and LCC. *CACNA1D* can enhance the benefit of 5‐FU‐based ACT through regulating activity of the calcium channel.[49](#cas13622-bib-0049){ref-type="ref"} These transcriptional and genomic characteristics could shape 5‐FU response and should be irrelevant of the primary tumor location of colon cancer patients.

However, it is worthwhile to note that both in the discovery and validation cohorts, 3‐GPS or 5‐GPS could not stratify stage II‐III patients with LCC or RCC, respectively, treated with post‐surgery 5‐FU‐based ACT into high‐ and low‐risk groups with significantly different DFS (Figure [S3](#cas13622-sup-0001){ref-type="supplementary-material"}). This result indicated that the signatures for predicting response of colon cancer patients to 5‐FU‐based ACT, to some degree, were location‐specific. Using the predictive signatures, the response rates (the ratio of predicted responders vs all patients) for patients with RCC or LCC to 5‐FU ACT were calculated. For patients with RCC, the response rates were 60.87%‐71.74%, and for patients with LCC, the response rates were 35.21%‐60.15%. Transcriptional analysis showed that 5‐FU response‐related genes for LCC were specifically enriched in typical metabolism pathways related to drug catabolism, such as glutathione metabolism and glycolysis. The disturbance of these pathways could contribute to multidrug resistance in tumors,[50](#cas13622-bib-0050){ref-type="ref"} responsible for the lower response rate for patients with LCC.

3.6. Comparison of 3‐GPS and 5‐GPS with another REO‐based signature {#cas13622-sec-0015}
-------------------------------------------------------------------

Previously, Tong et al[51](#cas13622-bib-0051){ref-type="ref"} developed an REO‐based signature consisting of six gene pairs, denoted as 6‐GPS, to predict response to 5‐FU‐based ACT. However, this signature was developed without considering the differences in anatomical location of RCC and LCC. Here, we compared this signature with the newly proposed two signatures.

Research for 6‐GPS showed that the signature was an independent predictive factor after adjusting for clinical characteristics including tumor location. However, when 6‐GPS was used to predict response to 5‐FU‐based ACT for RCC and LCC, the DFS was only significantly different between the predicted two groups in the discovery cohort but not in the independent cohort (Figure [S4](#cas13622-sup-0001){ref-type="supplementary-material"}). The result suggested that the signatures developed by considering the difference in tumor location had better predictive performance than the signature developed by mixed samples.

4. DISCUSSION {#cas13622-sec-0016}
=============

In this study, based on the location‐specific response to 5‐FU‐based ACT of colon cancer, we developed REO‐based prognostic signatures consisting of three and five gene pairs for predicting 5‐FU‐based therapy benefit for stage II‐III patients with RCC and LCC, respectively. The signatures were validated in independent datasets. As documented in the NCCN Guidelines Version 1.2017 Panel for Colon Cancer,[7](#cas13622-bib-0007){ref-type="ref"} patients with a deficiency in MMR protein expression (dMMR) showed decreased benefit with 5‐FU ACT. As dMMR were frequently characterized in patients with RCC, the DFS between the two predicted groups was compared after excluding patients with stage II‐III RCC annotated with dMMR. Using samples archived in GSE39582, which were annotated with MMR status, the DFS of the predicted two groups was still found to be significantly different (log‐rank *P* = 2.19e‐05; Figure [S5](#cas13622-sup-0001){ref-type="supplementary-material"}).

Chen et al. and Qi et al. have reported that patients with RCC derived more benefit from 5‐FU‐based ACT than patients with LCC.[16](#cas13622-bib-0016){ref-type="ref"}, [17](#cas13622-bib-0017){ref-type="ref"} Similarly, in this study, the response rates for patients with RCC to 5‐FU‐based ACT was higher than that for patients with LCC. Moreover, the DFS of responders for RCC was higher though insignificant than that of responders for LCC. Genomic analyses showed that, both in RCC and LCC, responders were characterized by hypermutation, whereas non‐responders were characterized by frequent copy number alternations. Thus, the predicted responders suffer similar molecular differences with RCC,[3](#cas13622-bib-0003){ref-type="ref"} while the predicted non‐responders suffer similar molecular differences with LCC.[4](#cas13622-bib-0004){ref-type="ref"} In addition, DE genes between responders and non‐responders for patients with LCC were specifically enriched in pathways related to drug catabolism, which could contribute to multidrug resistance in tumors. These characterizations could be the cause of the distinction in response to therapy, which need to be further explored.

Patients derived from the dataset of GSE39582 were treated with 5‐FU/LV,[18](#cas13622-bib-0018){ref-type="ref"} whereas patients derived from the dataset of GSE14333 and GSE72970 were treated with 5‐FU/capecitabine or 5‐FU, leucovorin, and oxaliplatin (FOLFOX),[19](#cas13622-bib-0019){ref-type="ref"} all of which were initial therapy options for CRC. However, the addition of a biologic agent, such as bevacizumab, cetuximab, or panitumumab, might have differing efficacy based on the primary site of colon cancer. As there are no data available for this research, further efforts are needed.

The REO‐based signatures are robust against experimental batch effects,[12](#cas13622-bib-0012){ref-type="ref"} the differences of measurement principles of different platforms,[15](#cas13622-bib-0015){ref-type="ref"} sampling locations in a tumor tissue,[13](#cas13622-bib-0013){ref-type="ref"} and partial RNA degradation.[16](#cas13622-bib-0016){ref-type="ref"} The robustness and simplicity of this signature make it convenient in clinical settings and merits further validation in a prospective clinical trial. However, it seems that the rank‐based REO signatures as qualitative indicators might lose some subtle quantitative information of gene expressions, which is influenced by the above factors. To partially take into account the quantitative information of gene expression level, we could utilize the reversal degree of REOs by using the expression ratio of gene pairs as a weight for voting, which merits detailed study in future work.

As most publicly available datasets for colon cancer do not provide information about survival, chemotherapy, or primary tumor location, we used only two datasets with small sample sizes to validate the performance of predictive signatures, which is probably not sufficient. Further efforts are need to validate the clinical utility of the signatures.

In summary, we developed REO‐based signatures for predicting response to 5‐FU‐based ACT for stage II‐III patients with RCC or LCC. The robustness of the signature enables us to integrate the multi‐omics data archived in TCGA to comprehensively characterize responders and non‐responders.
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